INTRODUCTION

31
Circular RNAs (circRNAs) are an emerging class of RNAs formed by the non-sequential CircRNA quantification in all 197 samples (including control and ASD samples) lead to the 142 detection of a total of 43,872 circRNAs in DS1 and 28,251 circRNAs in DS2 (Methods). Circular 143 junction (i.e. back-splice) reads were normalised to total library size as counts per million (CPM).
144
Given that the expression of circRNAs can be influenced by the expression level of the parental 145 transcript, we also normalised circRNA expression to that of the parental transcript by calculating a 146 circular-to-linear ratio (CLR), as well as a circularisation index (CI; Figure 1b ).
147
CircRNAs were considered robustly expressed if they were detected by at least 2 circular 148 junction reads per sample in a minimum of 5 distinct samples. We selected these filtering criteria The filtered datasets (DS1: 14,386 circRNAs, DS2: 9,440 circRNAs) were used for all 156 downstream analyses.
157
We assessed the circular nature of a subset of 22 circRNAs by RT-PCR with divergent 158 primers (which would amplify on a circular but not a linear molecule), and found a 90.9% 159 validation rate (Methods; Figure 2b ).
160
We also observed a strong correlation (Spearman rho=0.93) between the mean circRNA 161 expression level (CLR) in DS1 and DS2, supporting the robustness of these data.
162
The 14,386 DS1 circRNAs and 9,440 DS2 circRNAs (listed in Supplementary Table 2) were 163 expressed from a total of 4,555 and 3,650 unique genes, respectively. Gene ontology enrichment 164 analysis of circRNA producing genes, with correction for gene length (Methods), showed an over-165 representation of genes functioning at the synapse, particularly those involved in synapse vesicle 166 8 transport and localisation, but also genes involved in cell cycle G2/M phase transition, chromatin 167 organisation and gene silencing (Figure 2c and Supplementary Table 3 ).
168
Previous data has shown that around 6% of the circRNAs detected in the human brain are 169 also detected in mouse brain, with 28% of mouse circRNAs showing conserved expression in 170 human [6] . We assessed the conservation rate of circRNA expression between human and mouse 171 by using the liftOver tool [29] to obtain orthologous mouse coordinates of our circRNAs. The 172 proportion of circRNAs for which the strict orthologous mouse coordinates were also detected as 173 circRNAs was then assessed using mouse brain circRNA expression data from Rybak-Wolf et al.
174
2015 [6] (Methods). We found a circRNA expression conservation of 8.6% in DS1 and 9.6% in 175 DS2, consistent with previous observations [6] .
176
Overall the circRNA data showed high reproducibility across the two datasets, high RT-PCR 177 validation rates, and were consistent with previous data regarding human-to-mouse conservation 178 and expected functional enrichment of circRNA-producing genes. 
Identification of novel circRNAs
181
Given the much larger dataset employed in our study compared to existing human circRNA 182 expression studies [6] , which are curated in circBase [30] , we expected to identify novel circRNAs 183 despite our more stringent detection criteria (the higher stringency in our dataset comes from the 184 fact we required detection of circRNAs in a minimum of 5 independent samples in each dataset, 185 which had not been feasible with previous human brain sample sizes). Indeed, relative to circBase, 186 we detected 1,548 novel circRNAs in DS1 and 692 in DS2, of which 83% were detected in both 187 datasets (Methods; Figure 2a ). Hundreds of novel circRNAs were detected in more than 10 brain 188 samples, and some were expressed in more than a hundred samples, demonstrating that they are The novel circRNAs identified included both novel isoforms from known producing genes, as well as over a thousand circRNAs expressed from genes not previously 194 reported to circularise (Supplementary Table 2) . Throughout this manuscript, we use the term 
CircRNA expression is characterised by major isoform(s)
213
To investigate the global properties of circRNA expression in the human brain, we first used Consistently, we found that circRNA expression levels did not correlate with that of the parental 217 gene, whether the latter was measured as total gene-level expression, or as the expression of the 38], the correlation between circRNA and mRNA might be attenuated due to the different 223 degradation rates.
224
To further investigate whether circRNAs show evidence of regulated expression in the human 225 brain, we assessed the relative expression of circRNA isoforms for each circRNA-producing gene.
226
An important layer of regulation of mRNA expression consists of major isoform(s), which 227 account for most of the transcriptional output of a gene in a given tissue of cell type. We thus asked 
231
We thus assessed the major circRNA isoform relative expression (i.e. the expression level of 232 the most highly expressed circRNA relative to the total circRNA expression from a given gene; 233 Figure 3b ). We classified genes by the number of circRNAs expressed, and found that across a 234 wide range of such classes, the major circRNA isoform accounts for the majority of circRNA 235 output (Figure 3c ). To test whether this simply reflects the linear major isoform expression, we 236 carried out the same analysis using circular-to-linear ratios. Based on CLR data, we also found that 237 the major circRNA isoform accounts for the majority of circRNA expression normalised to linear 238 transcript expression (Figure 3d ).
239
We then investigated whether major isoform expression is explained by sequence 240 complementarity of flanking introns, i.e. does the major isoform tend to show the highest sequence 241 complementarity? Reverse-complementary sequence matches (RCM) of flanking introns were 242 calculated for all circRNAs using autoBLAST ([39]; Methods). We found that circRNA major 243 isoforms were only marginally more likely than expected by chance to have the highest sequence 244 complementarity score. For example, among genes producing 2 circRNAs, the major isoform 245 showed the highest RCM score in only 53% of cases, while for genes producing 3 circRNAs the 246 major isoform showed the highest RCM score in 36% of cases (Supplementary Figure 5) .
247
These data demonstrate for the first time that circRNAs are expressed predominantly as 248 major isoforms and further support the notion that circRNA formation is a regulated process.
250
Interplay between canonical-and back-splicing in the human brain 251 To assess the interplay between alternative splicing (AS) and exon circularisation in the 252 normal human brain, we characterised alternative splicing events in the larger dataset (DS1, control 253 samples) using rMATS [40] , and contrasting CTX and CB (Methods). Cassette exon (i.e. exon 254 skipping) was the predominant AS event (72%), and thus we focused on the comparison of 255 alternatively spliced cassette exons (referred to as "AS" from here on) and circRNA formation.
256
We found that the percentage of AS exons was significantly higher among circRNA-forming 257 exons than among non-circ forming exons after correction for gene expression levels and intron 258 length (Figure 4a ).
259
To further investigate the relationship between alternative splicing and circularisation, we 260 quantified exon inclusion level (i.e. the ratio between the inclusion and the skipping isoform of a 261 given AS exon; Methods). When comparing exon inclusion levels between circ-exons and non-262 circ-exons that undergo alternative splicing, we found that circ-exons were formed primarily from 263 exons with high inclusion rates (Figure 4b ), indicating that circRNA formation is not primarily a 264 by-product of exon skipping.
265
The number of circRNAs expressed per gene varied between one and sixty (DS1), and was 266 highly correlated between DS1 and DS2 (Spearman rho = 0.82). Using circRNAs expressed in both 267 DS1 and DS2, we found that 446 genes expressed more than 5 circRNAs. Given the observed 268 association between circRNA expression and AS, we investigated whether these "circRNA hotspot 269 genes" were also characterised by complex AS. We found a significant correlation between the 270 number of circRNAs expressed and the number of alternative splicing events detected per gene 271 (rho=0.32, p< 2.2e-16). The correlation remained significant after correction for the total number 272 of exons per gene (rho=0.14, p< 2.2e-16). Some of the major hotspot genes (Figure 4c 
276
Overall, our data suggests that AS often co-occurs with circRNA formation, yet the interplay 277 between AS and circRNA formation is highly locus-specific. 
286
To begin to understand the inter-individual variability of circRNA expression in the human 287 brain, we first compared the relationship between mean expression and variance for canonical 288 splice junctions and circRNAs (i.e. back-splice junctions) using the DS1 control samples (N=68).
289
We observed a higher coefficient of variance [CV] for circRNA back-splice junctions compared to Figure 6b) . This observation is consistent with (a) the fact that the 294 efficiency of canonical splicing is higher than that of back-splicing, and consequently back-splicing 295 13 occurs less frequently [9] and (b) the well documented property of non-coding RNAs to be 296 specifically rather than broadly expressed [44] .
297
Since circRNA formation is a more rare event than the transcription of the parental transcript,
298
we then investigated whether its frequency was consistent across the two datasets. We found high 299 agreement between the proportion of samples in which a circRNA was detected in DS1 and DS2, 300 as well as high correlation between CLRs in the two datasets (Figure 5a-b) . These data indicate that 301 although circRNA formation is rare, the frequency and expression level are intrinsic properties of 302 circRNAs.
303
We also found that circRNA expression data clustered by brain region, even after for gene expression PC1; |rho| > 0.6 for circRNA expression PC1; Supplementary Figure 7b- 
332
We also investigated how circRNA expression varies with age in cerebral cortex and 333 cerebellum from control individuals. We found that the total number of circRNAs expressed 334 showed an increasing trend with age in both brain regions, which was borderline-significant using a 
DISCUSSION
411
The data presented here represents the first large-scale assessment of circRNA expression in 412 the human brain, bringing further insight into an additional layer of brain transcriptome complexity.
413
The circRNAs included in our resource were detected in a minimum of 5 samples in DS1 and 414 5 samples in DS2, with >90% reproducibility of detection between the two datasets, therefore 415 representing a set of circRNAs reliably detected in the human brain. We focussed on identifying 416 circRNAs reproducibly expressed, rather than cataloguing very rare back-splicing events.
417
CircRNAs, similarly to lncRNAs, were expressed in a very specific manner, and thus 418 observed only in a subset of samples. Despite the fact that the expression of most circRNAs was 419 restricted to a subset of samples, we observed a remarkably high correlation between DS1 and DS2 420 circRNA expression levels, suggesting that the circularization rate is an intrinsic property of a Table 6 ).
428
The analysis of this rich resource revealed several novel insights into circRNA expression in 429 the human brain. We found that circRNA expression is characterised by major isoforms, adding a 430 novel aspect to the notion that circRNA expression is regulated in the human brain. As more data 431 on circRNA expression in other tissues becomes available, it will be interesting to determine 432 whether the major isoform circRNA expression is tissue-specific, as it is often the case for mRNAs, 433 and how this relates to the tissue specificity of alternative splicing isoforms.
434
We observed a significant association between AS events and circRNA expression, which is The circRNA expression conservation rate between human and mouse determined in our progressive increase in circRNA levels with age in the brain, but this effect appears to be of a low 466 magnitude, and therefore challenging to detect at genome-wide significance.
467
In contrast to age-dependent changes, circRNA expression differences between CTX and CB 468 were pronounced, overriding inter-individual variability. We identified over two hundred circRNAs 469 differentially expressed between CTX and CB, in both DS1 and DS2 and after correction for 470 cellular composition. We also found that more than 90% of differentially expressed circRNAs 471 showed higher expression in CB. This is in agreement with a previous observation based on two in cerebellum than in cerebral cortex, a known property of this brain region. Here we demonstrate 475 that the enrichment of circRNAs in the cerebellum is independent of cell-type composition.
476
In human brain organoids, the number of circRNAs expressed showed a progressive decrease 477 with cellular maturation in both neurons and astrocytes. Despite the documented increase in 478 circRNA expression during early neuronal differentiation [6, 7, 9, 10], we found that neuronal 479 maturation beyond 150 days in organoid culture leads to an overall decrease in circRNA expression.
480
Using data from neuronal and glial cells at the same maturation stage we found an enrichment of Finally, using a co-expression network approach we identified a circRNA co-expression Table 1) .
21
The distribution of samples between the two datasets (DS1 and DS2) is listed in 500 Supplementary Table 1, and was based on the order in which we obtained the data. This in turn was 501 based on the order in which RNA-seq data was generated, which was randomised across groups 502 (Figure 1a) .
503
RNA-seq data for benchmarking circRNA detection was generated for 5 DS1 tissue samples: Genomics, followed by sequencing on an Illumina NextSeq 500 sequencer to obtain 100 bp paired-512 end reads (Supplementary Table 1 ).
513
For generating RNA-seq data from astrocytes and neurons, total RNA was extracted from 514 human primary astrocytes and from neurons derived from human fetal neural progenitors.
515
Human primary astrocytes (Lonza, #CC-2565) stably expressing GFP from pCMV6-AC-GFP 516 had been generated by selection with G418 (Thermo Fisher Scientific, #10231027) at 800µg/ml.
517
Cells were cultured in RPMI GlutaMAX™ (Thermo Fisher Scientific, #35050061) supplemented 518 with 10% foetal bovine serum, 1% streptomycin (10,000 µg/ml), 1% penicillin (10,000 units/ml) 519 and 1% Fungizone (2.5 µg/ml) and seeded into 6-well tissue culture plates at a density of 0.5 × 10 6 520 cells 24 hours prior to RNA extraction. Total RNA was extracted using TRIzol® reagent and a
521
Qiagen miRNeasy kit and treated with 1 µl DNase I (Thermo Fisher Scientific, #AM2238) per 10 522 µg of RNA. Table 1 ).
532
The RNA-seq data from human brain organoids was downloaded from SRA, accession 533 number GSE99951.
534
CircRNA benchmarking analysis
535
For five brain tissue samples (5115_ba9, 5278_ba9, 5297_ba41-42, 5308_ba41-42, 536 5309_ba41-42), the polyA+ and ribo-depleted stranded data generated in the present study, as well Table 2 ) the number of samples in which each circRNAs is expressed at a higher 583 expression threshold (>= 0.1 CPM), to allow this resource to be easily used to identify highly 584 expressed circRNAs.
585
Gene ontology enrichment analyses of circRNA-producing genes
586
GO enrichment analysis was carried out using the intersection of circRNA producing genes 587 from DS1 and DS2, and the intersection of all genes expressed in DS1 and DS2 as background. The 588 enrichment analysis was done using GOseq [60], with correction for gene length and Benjamini
589
and Hochberg (BH) correction for multiple testing.
590
Conservation of circRNA expression
591
To assess circRNA expression conservation between human and mouse brain, we first 592 converted hg19 human genomic coordinates to mm9 mouse coordinates using the liftOver tool Table S1 of that study).
595
The % conservation was calculated as the percentage of human circRNAs in DS1 and DS2
596
respectively, for which their converted genomic coordinates were found as circRNAs expressed in 597 the mouse brain. 
613
All comparisons between circRNA expression and AS were carried out in control samples.
614
In-silico deconvolution 615 To estimate in-silico the proportion of individual cell types in brain tissue samples, we used validation. RT-PCR was performed with divergent primers, on three independent RNA samples.
660
RNA was extracted using a Qiagen miRNeasy kit, with on-column DNase digest. PCR 661 amplification was carried out using BioRad iTaq Polymerase for 35 cycles, on an ABI ViiA7 cycler.
662
Primer sequences for RT-PCR experiments are listed in Supplementary Table 8 .
663
Astrocyte and neuron circRNA dataset
664
Mapping and circRNA quantification for RNA-seq data generated in the present study
665
(cultured neurons and astrocytes), and data from brain organoids were carried out as described 666 above for brain tissue data, with the difference that the RNA-seq data generated in this study is 667 strand-specific, which was specified as a parameter in DCC. Gene-level expression data was 668 filtered to include genes expressed at a minimum of 1 RPKM in at least 1 sample in each dataset.
669
CircRNAs were included in the dataset if they were expressed at a minimum of 0.1 CPM in at least 670 1 sample.
671
CircRNAs expressed in neurons and astrocytes in the brain organoid data were defined as 672 circRNAs expressed at >=0.1 CPM in at least two samples of the fully matured neuronal and 673 astrocyte samples (> 150 days) respectively. Neuron-specific and astrocyte-specific circRNAs were 674 defined as circRNAs fulfilling the above criteria in one cell type but not the other. Table 7 ). Boxplots were generated using the boxplot function in R; the horizontal ):  144  133  115  103  297  110  88  65 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 Top: schematic display of divergent primers (black arrows) around a circRNA junction (dashed arc) which would amplify circRNAs, but not linear RNA molecules; negative control divergent primers anneal to exons that do not circularise, within the same gene. Bottom: Agarose gel electrophore-sis of RT-PCR products using divergent primers around 22 selected circRNA junctions. Each RT-PCR is carried out on 3 brain samples (S1-S3). All circRNAs generate a PCR product at the expected size, except circRMST, and circDCUN1D4, for which the product is not of the expected size. Additional bands at higher length are likely rolling circle amplification products. For a subset of circRNAs, RT-PCR was carried out with primers around the circRNA junction, and negative control primers, on a distinct sample (S4; bottom panel). (C) Gene ontology enrichment of circRNA producing genes. FDR -false discovery rate. The most biologically relevant enriched terms are displayed. A full list of enriched terms is provided in Supplementary Table 7 ). Boxplots were generated using the boxplot func-tion in R; the horizontal line represents the median, boxes extend between the first and third quartiles, and whiskers extend from the box to 1.5x the inter-quartile range. Bottom, right: Barplot showing the number of samples in which each circRNA was detected. circRNA labels correspond to the labels from the top annotations track.
FIGURE LEGENDS
B.
C. Boxplots showing the major isoform relative expression and major isoform relative CLR respectively. Red line displays the expected major isoform relative expression and CLR if all isoforms were equally expressed. Boxplots were generated using the boxplot function in R; the horizontal line represents the median, boxes extend between the first and third quartiles, and whiskers extend from the box to 1.5x the inter-quartile range. Module eigengene values for M4 show significant differences between ASD and control CTX samples. p=0.006, Wilcoxon rank-sum test, Bonferroni corrected. Boxplots were generated using the boxplot function in R; the horizontal line represents the median, boxes extend between the first and third quartiles, and whiskers extend to 1.5 IQR (inter-quartile range) from the box. Notches mark +/-1.58 IQR/sqrt(n), where n represents the number of data points.(B) Network plot of M4, showing the top 20 circRNAs by kME (blue circles), and the top 50 connections between them as edges.
